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The ' ffect of Heat Treatment on Shrinkage Stress
in Built-up Gun Barrels.

by

H. F. Hall

The experioents described 'iere the result of collaboration between the
,mrnaiwnt Design and the -~rmiaent Researxch L.'stE.blialmonts. The work was
divided ito three )arts whiah rclatod to altd~rneative mthods of determining
the offucts of hea.t troztracnt on shrinkage strcs. cs in built-up gun barrels.

Part I, contributed by D.p10 Group, described full srnale experi--
ments using hydraulic vpressure to determine elasticity and ocrmanent set in
a 3-innh barrel.

Part UI, contributed by .. R:/s..,described a method. of vaeasurenment

coaxial rings.the meaurement of aneiadrdl stresse 
ayted~at rmte any electellofinso

Part III, contributed by A..~/S...1, described an X-ray technique for

the transvrse section of a bagrcl.

There w,,.s a con siclsru .blc iacasurc. of agrooient between the results obtained
bthe I-romthodsz Hea trcc.tan~nt at 4000 0 produced no a)ereciable

deleterious effect. 1%iith treatment a~t 50000 decreases in bore streu.s up to
40 per cent were acasurcd. In the full acr-le tests at 50000 thicre was no
mete 'zable lo2.- of elasticity but porinanent set me uroeonts confirmud. that
stress; rclr-.xr.tion hrd occurred.

The observed cha~ngesu in the stree.; system appeared to be rclf.ted to
creep and the imans wore thus proviCded for estimating the type of behaviour
to be cxix~ctcd with heA tr .twhrt conditions outside the limits of t:L a.nd
temper-.ture inve ;tigrated.
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C I,
Part I

G9/30/A/

Arinxnt !)eoigpAa~etabshent D .x10 .r ouj)

,m Investigaion into the Lffer t of Heat Treatment

on Shrinkage

1. Introduction

During the development of the technique for chromium plating gun bores
it has been shown by the .. R.B. that the behaviour of thec deosit on firing
is improved if the barrel is heated after plating to a tciicraturc in the
range 4000 - 50000.

In .... R.2. Metallurgy R )ort No. 12/51, by Dr. R. H. Groaves, dic possible
effects of such heat treatnent on the mnchanical oroportios of the steel are
considered. The main conclusions of the report are that, while the effects
of the heating on gun steel are relatively insignificant, an autofrettaged
barrel or built-up gun subjected to thiis treat-nent is likely to bc considerably
weakened, owing to the reduction of the favourable internal stross. ) he
report states that "in both cases" (i.e. autofrettaged and built-up) at least
8Q' of the bore compression is likely to be lost if tde gun were heated
uniformly -t 50000 for 1 hour".

The effect of this statement on current methods of gun design ,.nd
construction is jlerly far-reehing. Thus in guns now under development,
such as the "/70 cals., where the bore is chroiimu plAted omd tho barrel is
constructed by shrinking i-. grooved wa.ter-cooled liner into ,-. j'.cket, . loss of
shrinkage of this order during heat treatment or due to prolonged firing
would be very serious. Me present report desiribes a practi-al investi-
gation dirented to testing the truth of Dr. Greaves's sugcstion as affecting
built-up guns. .. parallel investigation, involving measurement-of internal
stress in rings artid - off from shrunk-up test cylinCers, is in :?rogress
in thu .. R.2.

2. Me th od

Tests were narried out on a cylinder which was originally constructed
for another puro,e. The cylinder, to design D.10(G)4602/163, was built
up by shrinking a jacket over a grooved liner anl represenis a portion of
the 3/70 cals. gun barrel.

Fig. I shows the construction of the cylinder and the arran g mont for
applying hydraulic ?ressure; the positions on the o,:tcrior, at the interface
and at the bottom of the cooling grooves at which expansions were .isurcd
arc also shown.

The cylinder was heated successively to 4000, 4500 and 5000c, diame or of
bore and at the vcrious exterior positions being vrasured by C.I.... before
the first heating and before and after each subsequent heating and pressure
application.

The heat treatment was specified and suporvised by C.S....R.(S.M.R.)
and was carried out in electric furnaces at R.O.F. Yfoolwirh. The cylinder
was put into the cold furnace and the temperature raised at a rate of
appioximately 750 per hour to the specified maximum. The temperature was
then held at the maximum and the cylinder soaked for 1 hour. Power was
then shut off and the cylinder cooled in the furnace to 30000 before being
roov d.

COGii. :NTIAL



Ifter final cooling and measurement, the cylinder was set up in the
autofrettage plant at Woolwich and subjected to hydraulic 1ressure in the
bore. :-xterior ex.ansion was plotted against pressure, as in the normal
autofrettago procedure. 1xpanuion and prossuwc were :Casred with thle
workshop extofrettage equipmont. The maximum hydraulic pressure chosen,
viz 31.5 tons/sc, in. was one which the ;ylinCer had Xreviously just with-
stood without showing )ermanent set, so that any loss of strength caused
by the heat treatment would be dvtocted by a deoarture frmn straightness
in the .?res ure-expansion line.

3. Results

(a) Time table

St De tails Date

I Heating to 40000 18. 7.51
Ist application of hydraulic pressure 10. 6.51

2 Heating to 4500 27. 8.51
2nd applicatien of hydraulic pressure 3. 9.51

3 Heating to 5000J 22.10.51
3rd appliuation of hydraulic pressure 30.10.51

(b) Table I gives the measurements of bore and exterior at the various
8 tage s.

A slighit tendency for the bore and exterior to contract as the
trial progressed is detectable. Exterior measurements at the
interface and bottom of grooves show some movement in addition,
0.036" man contraction being registered at the interface at one
stage. It is not knovin whether these contractions wore accompanied
by any change in lungth of the cylinder. The final bore movement
is of the order of 0.001", which for practical purposes is
insignificant. The changes in the exterior diamters are generally
of the same order, viz less than 0.002".

( ) Fig. 2 ;hows the Pressure-:ixterior Expansion curves for the 3rd
prec;3ure applico.tion, i.e. aft-r heating to 5000C. It will be seen
that up to 31.5 tons/sq. in. there is no deviation from the elastii
line.

4.. trenth calculations

The design shrinkage used for the cylinder was 0.006 inch. The the ore-tical bore compreision vas of ti order of 12 tons/s,.in.

The actua1l yield of steel for the liner was approximately 59 tons/sq.in.

1 strength calculation by the Christophorson method as adapted by Manton,
(See ... D.E. Technical Note T149/9), shows that under an internal pressure
of 31.5 tons/sq.in. a Mises-Hencky stress of 67 tons/sqin. is produmedlocally in t/he bore undler the "spokes".

Since the cylinder continued to behave elastically under this pressure
and the accuracy of the calculation method is well established, the inference
is that slight local yielding occurred so as to reliove this stress. The
overstrossing and prosumod local yielding appear to have no bearing on the
point at issuet viz loss of shrinkage force.

2.



5. Oonolusionsg

(a) No loss of shrinlage foroe due to Uw heating haz been shown aftor
three heatings.

(b) The oontraotions of bore and exterior L*roduoed are of no practical
signifioanje.

(o) Judking by the results obtained with this test-cylinder the strength
of a gun barrel of similar built-up grooved-liner construction will
be uneffeited by heating uniformly at temperatures up to 5OO°C for
I hour.

Note: This degree of heating could be brought about during heat treatment
as ?art of tho manufacturing drooess. There is only a remote
possibility of its occurring in operational use, and then only if
the water-oooling system broke down.

i*.
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Part II,
Refer'enoes: ... R.. . 12.4752/i5

P& PNo. I5P2B

The 'ffect of Heat Treatment on Stresses in Shrunk-on Gun Barrels as

determined by the Dissection of Thin Co-axial Rinas

1. Introduotion

It has been found thit where chromium plating is used to provide the
bore surface of gun barrels an annealing treatment will imiprove the useful
life of the coating. If such treatment is to be applied toa shrunk-on
barrel after building, consideration must be given to the modifying effects
it may have on the building stresses, effects which in general will become
more serious with increase of temperature.

For the purpose of determining in some detail how the residual stress
system is affected by temperature within the range found to be beneficial
to tho life of the coating, it was decided to make exporiments on three
short built-up cylinders roproscnting Ordnance Q.F. 3-inch 70 cal., made
in steel to sponification 3.5w, No. analysis.

The proposed expernimental method consisted of dissecting a series of
narrow conoentric. rings from the end face of the cylinder and measuring the
consequent changes in dianmetor. The strains thus measured would determine
the !re-exiating circumfcrontal strosses at the particular locutions in
the b.;rrel frosa which the rings were taken and this procoss could be applied
ropatodly to rolativoly short lengths of cylindor. Sovcral scte of
measurements could thereforo be made, before and after annealing treatments,
on a scaall si.mple and the effect of the treatment could be directly observed
if si~ailar stress conditions existed initially at all cross sections of the
sample.

It will be shown th-t the degree of uniformity of stress was not
entirely satisfactory for this purpose and recourse was had to a system of
averaging. The results so obtained conforied fairly closely to those required
by theoretical considurz..tions and thoy wuro rogarded as a scatisfaitory basis
for the conclusions whic h.d been drawn relating to the effects of heat
treatments at 40000, 450 C and 50000.

2. Docition of the Test CClindors

Dimensions and other dotails of the test cylinders (Table I) hava been
tracen from C.LZ.A.D. Drawing D.IO(G)7428. The cylinders wore supplied by
C.*...D. and wore dcsign .tcd No. 1 (grooved Jacket), No. 2 (plin tubes)
and No. 3 (grooved liner). - ach cylinder -.s 8 inches exterior diauwter,
3.074 inches bore diameter and 18 inches in length. The grooves in
cylinders Nos. I and 3 formed longitudinal water cooling channels at the
interface between jacket and liner (Figs. 3 and 5).

It was recorded that before assembly the jaects of cylinders Nos.2 and 3
wore 20 inches in length, whereas the Jacket of cylinder No. I and each of the
three liners ve.*o 18 inches in length before building. It should be noted
that if the Jacket protrudes beyond the end of the liner during the shrinking-
on oporation the liner compression is increased locally thereby. This is
unimportant if conditions overywhero remain elastic, but if the increase is

5.



sufficient to cause plastio strain the result is a reduolion of the intended
shrinkage pressure wsen the jacket in tri e d flush wit the end face of the
liner.

The temperatures eWloyed for the shrinkage opurations were 29500 (5630F)
for No. I cylinder, 290 0 (s5%P ) for No. 2 cylinor and 26500 (5090F).for
No. 3 cylinder.

The test cylinders were gauged by C.I.N.O. before and after building.
Bore measurements (Table 2) were tsacen at 0.5 inch from each end and at
2 inch intervals along the length; exterior eoasuroment were taken at
3 inch intervals. No re-ord was available of the liner exterior or the
Jacket interior measurements before building, the difference between which
represented the shrinkage at the interface. This was specified (Table I)
as 0.005 inch. A calculation was made of this difference based on the
bore and exturior masuresents (Table 2) of the built-up cylinders. It was
assuaiod dat there was no change in the cross sectional area of the tubes
and. that therefore af ter expansion or contraction of a tubc the ratio of
the changes of exterior and interior diameters vas inversely proportional
to the diameters themselves, they being large in co parison with the changes.
The shrinkages at the interface'thus calculated wiere:- 0.001480 inch
(Cylinder No. 1), 0.00613 inch (Cylinder No. 21 and 0.00574 inch (Cylinder
No. 3).

3. Lethod of Stress Measurement

The chosen technique .ias one )reviously used (1) (2) for the determination
of autofrottage stresses in 3.7 inch and 17-pr. gun barrels. In essence it
Nias Ycrliaps the oldest motaod and its distinctive feature vias complete release
of stress in one machining operation. This was in contrast 'with the better
known and more generally applicable esnagcer-Sachs boring-out method in which
.?rogressive release and redistribution of stress occurred.

The method no- to be described . ght conveniently be termed the "ring
dissection ixthod". . section about 2 incles in length was first parted
off from the end of a cylinder and the end of this disn was ground and
polished to receive gauge marks. These conuisted of small ball Lipreosions
and were located, symmetrically about tlo axis, at intervals along two dia-
meters at right angles to one another. The spacing was selected according
to the numbcr of circufeorential stress measuromonts required through the
wall of the cylinder. .. set of gauge marks with approximatoly similar
spacing was made on a polished stainless stool bar and this was used as the
basic standard for l masuremonts.

Two measuring microscopes with micrometer eyepieces reading to 0.001 aa.
were set up on a rigid slide as a comparator, Fig. 6 and by their maeans the
small fortuitous differences betweon gauge distances on the test disc and
those on the standard bar -ere recorded. . set of thin rings (Figs. 3, 4
and 5), 0.2 inch axial thickness, v.as then l)artod off by trepanning from the
face of the disn, ooech ring carrying tuo pairs of the original gauge marks
on two diametrs at right angles. The gauge distanes on the rings were
then measured against the saome standard as before and the change was noted.
)Ioasuromont detolIs arc given in Tables 7 - 12.

Rings from the liner showed expansion from a state of compression and
those from the jaolmt showed contraction froa a state of tension. The mean
of t1e two diametral measurements at right angles was talen to reresent
true oiroumferential strain from which the equivalent oircumforential
stress was calculated. A completo sot of rings all from the same transverse

6.±1
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sootion consisted of throe from the linor and s vn from the jaokot of
Cylinders Nos. I and 3 with water oooling otiannels. One additional ring
was obtained from the Jaoket of Cjlinder No. 2 with a solid wall. Ajacent
rings from liner and Jacket still looked together by residual stress are
shown in Fig. 4.

ft r removal of a sot of rin',,s, which consuid about 0.3 inch axial
length of the disc, the end face was again prepared either for a duplicate
test or for heat treatment prepc.ratory to further similar tests to show
the effect of such treatment.

4. Heat Treatment of Samples

The identity of each -test si)oLYn Nvas denoted by its distance from
the original breech face of the cylinder. Heat treabnt at 5000C and
at 40000 was given to the discs as indicated in the table below. Residues
of the discs treated at 4000C, after two sets of test rings had been
removed, weru then heat treated at 45000.

Cylinder No. 2 3

Teiaxrature 8f  Distance from Brooch Face, inches
Treatmnt, C

500 2.5-4.5 2.5-4.5 3.4-5.4
400 6.2-7.9 6.15-7.8 6.05-7.7
450 6.8-7.9 6.7-7.8 6.7-7.7

- Wild-Barficld muffle furnace with forced air circulation was usod.
Threc soecimens, one from each cylinder, were treated together but to
ensure uniform heating and cooling conditions for each disc they %tere held
apart by distance pieces. The temperature was raised at a rate of 75/800 C
per hour from room temperature to the desired maximum temperature, at which
it was held for 60/75 minutes. The cooling rate was the same as the heating
rate down to about 3000C beyond which it was slower.

aterial for the X-ray -measurements described in Part III of this Report
was also taken from these three cylinders. The discs so used were located
at 4.9 - 5.4 inches from the breech end of CylinCeers Nos. I and 2 and at
2.05 - 2.55 inches from the breech end of Cylinder No. 3. These samples
have been designated A5, B5 and C2.5 respectively and were heat treated in
the sam furnace but separately.

5. Results of Measurement of Test Rings

Particulars of the measuremcnt of the test rings are given in some
detail, Tables 7 - 12, as general information on the stress distribution
in built-up barrels which iAay be of some in;rest outside the main purpose
of this investigation. The average results of these reasurements are
colloctod in Tablos 3-5 from which the graphs, Figs. 7-9 have been plotted.
Table 6 shows the proportional stress changes due to heat treatment.

5.1 Possible Sources of Error in the System of Moasurement

The two measurements distinguished as 'vertical' and 'horizontal'
change of diameter, Tables 7-12, were made in the same orientation in the
cylinder throughout the series of tests. .dhere througiout a set of ringsthe difference betneen vertical and horizon al readings tended to be in the

7.



same direction it suggested slight ovality of ei'Uher the liner or the jaoket
at the interface or the presence of an equivalent internal stress before
assembly of the two tubes. In the f nrwr case a difference of 25 x 10-3m.
in the readings would represent + 0.0005 inch duvimtion rram the true circle.

Equality of vertical and horizontal readings was an indication that no
serious accidental deformation had occurred during machining operations.
The greatest divergence between the vertical and horizontal measurements
occurred at the jacket exterior, ring diameter 7.86 inches. In Cylindqr
No. I at 5.87 inches from the breech, Table 7, an expansion of 99 x i0- .
in the vertical direction was accompanied by a contraction of 216 x 10-3 2mu.
in the horizontal direction but the mean result was rational. The extreme
case occurred in Cylinder No. 3 at 8.02 inches from the breech end, Table 11,
where a vertical expansion of 148 x iO-3mm (0.0058 inch) was associated
with a horizontal contraction of 305 x 10"lmn. (0.0120 inch). after

duplication and careful checking of these measurements only two possible
causes for the discrepancies remained, either the existence of local internal
stress in the jacket before assewbly or accidental deformation of the ring
caused by the achining operation. There is reason to sup)ose it may have
been the latter cause owing to the persistent occurrence of the anomaly in
the outermost member of the sot of rings at 7.86 inches diameter. However,
in the extrem case the effect on the average result was too small to
invalidate it, and the occurrence was very rare.

5.2 General Stress Conditions before Heat Treatment

The lack of close agreement in what it vas hoped would be duplicate
confirmatory tests made it necessary to increasc the numbcr of tests to
obtain a satisfactory average result. In each cylinder there was a
tendency for the bore stress to decrease with increase of distance from
the breech end but this did not persist for more than about one inch and
greater variations were found elsewhere.

Extreme cases of disagreement between adjacent measurements occurred
in Cylinder No. 1, whcre there vas a difference of 6. tons per sq. inch
between the bore stresses measured at 8.2 and 8.5 inches from the breeoh
(Table 3), and in Cylinder No. 3, where a similar difference existed between
liner exteriox measurements at 8.0 and 8.3 inches from the breewh (Table 5).
The initial stress condition was therefore computed from measurements made
at six locations in each cylinder.

If certain abnormal values are disregarded the range of variation
of liner bore stresses may be taken as 10.0 to 14.5 tons per sq. inch in
Cylinder No. I (Table 3), 14.0 to 17.0 tons per sq. inch in Cylinder No. 2
(Table 4) and 9.0 to 13.0 tons per sq. inch in Cylinder No. 3 (Table 5).
The corresponding ranges of variation in the jacket ma;-imum stresses were
6.4 to 8.3 tons per sq. inch, 5.5 to 8.7 tons per sq. inch and 5.8 to
8.3 tons per sq. inch respectively in Cylinders Nos. 1, 2 aid 3.
Cylinder No. 2 with plain tubes thus possossed the highest liner stress
and Cylinder No. 1 with grooved Jacket possessed slightly higher liner
stress than Cylinder No. 3 with grooved liner.

Although the jacket stresses were similar in range of values the
distribution of stress through the wall was not the same in all cylinders.
In Cylinder No. I the maximum stress occurred at the jacket interior
(i.e. at the bottom of the grooves), but in Cylinders Nos. 2 and 3 the
maximum was located nearer mid-wall at many cross sections and this
persisted after heat treatment in the case of Cylinder No. 3.

8.
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The exneptionaly low stress of I ton per sq. inch at the jacket interior
(4.43 inches diameter), which occurred both at the breech end and at 0.7 inch
from the breenli ends± fylindcr No. 2, can possibly be explained as a nonse-
quence of plastic strain during building. This could have oonurred, as
mentioned earlier, when shrinking on a jacket which protruded beyond the end
of the liner. In support of this it may be noted that these innermost
jacket rings when parted from the disc, fell apart freely from the adjacent
liner rings (4.15 inches diameter) indioating a very low interface pressure,
whereas at all other sections the adjacent jacket and liner rings remained
locked together after Lachining and, for final measurement, had to be forced
apart in a press.

5.3 Stress Distribution after Heat Treatment

fter each heat treatment two tests were made and there was fairly
close agreement between the two measurements of bore stress at each
temperature, but large differences at aid-wall in the liner occurred in
each cylinder after the 40000 treatment. In each case the first test
gave the lower stress (Tables 3, 4 and 5) and this was lower by 9.0 tons
per sq. inch in the case of Cylinder No. I. A feature to be noted was
that the average of the two widely different results after the L-0000
treatment was, in each cylinder, very similar to the average of the tvo
mlosely agreeing results after the 45000 treatment. This irregularity
which appeared in all three cylinJers after the 4000C treatment seemed to
be explainable only as a special effect of this heat treatment, such for
instance as an 'end' effect, but it has not been possible yet to investigate
this further. After treatwent at 50000 there was very e'lose agreement
between two duplicate tests. The liner stresses showed a smaller gradient
throuji the wall in addition to a reduced minimru value and the jacket
stresses sustained a relatively uniform reduction of stre3s throughout the
wall thickness in consequence of this treatment.

5.4 Z!valuation of the Total Stress at a Transverse Section

The mean stress through the wall of the liner and the jacket has been
calculated for each test location. Only half weight was given to the
extreie values at the interior and exterior of the wall in relation to the
mid-wall values. In general the -aean stress values vary in a manner
similar to the maximum stresses. If these measurea mean stress values,
which are derived from total circunfrential strain, were proportional
to the hoop stresses the liner to jacket ratio would remain constant because
the mean hoop stresses in the liner and jacket must be inversely proportional
to the respective wall thicknesses.

In Cylinder No. 2 (Table 4) the liner/jacket thickness ratio or mean
hoop stress ratio was 3.064 and the measured mean stress ratio varied between
2.7 and 3.3 in all tests before heat treatment. The effect of heat
treatment at 5000C was to reduce this ratio to 2.3. In Cylinders Nos. 1 and 3
(Tables 3 and 5) greater variation was found in the measured mean stress ratio
and heat treatment appeared to raise it to the upper limit of these variations
which was fairly near to the liner/jacket wall thickness ratio of 2.6.

5.5 The Effect of Heat Treatment at 4C c,_O 0 C and 50000

The average results from six tests before heat treatment and two tests
after each heat treatment have been used to indicate the changes in stress
which heat treatment induced. These changes xtcre almost invariably stress
relaxations but in a fcw cases an increasc of stress was noted. Results
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(Table 6) have been given for each annular element tested through the wall
thickness and from these local changes mean stress values for the whole
thickners of iner and Ja- ket have been computed,

The highest liner compressive stress and the lowest mean jacket tensile
stress occurred in Cylinder No, 2 which was built with plain tubes. The
effcct of the heat treatment on the liner compressive stress was greatest
where the initial stress was greatest; thus, Yhile the bore stress of 15.2
tons -er sq. inch in Cylinder No. 2 was reduced by 13, 20 and 39 per cent
after heat treatments at 4000C, 4500C and 50OC respectively, at the liner
exterior an initial stress of 10.6 tons per sq. inch was reduced by only
4, 9 and 27 per cent after the same heat treatments.

It would appear therefore that when compressive stress is about 1 0 tons
per sq. inch treatments at 4000C or 4500C have little effect but at 500C
there is an appreciable decrease of stress. This view was supported by the
results for the liners of Cylinders Nos. I and 3 in which the mean stresses
wiere 10.4 and 9.1 tons per sq. inch respectively. After 5000 C treatment
the decreases of stress were 13 an& 14 per cent respectively but after
treatment at the lower temperatures they were negligible. It may also be
noted that in Cylinder No. I the initial stress was comparatively uniform
through the liner wall and that the decrease in stress after the 50000
treatment was likerise uniform, whereas in Cylinder No. 3 where a stress
gradien from 11.0 to Z.7 tons per sq. inch occurred, the decrease in stress
after treatment at 500 C varied from 22 per cent to 2 per cent.

It vas probable that the release of tensile stress in the jacket, owing
to the comparatively low value of this stress, was purely elastic and
mainly an indirect consequence of the liner contraction which was caused by
plastic flow. The percentagc decrease in stress after treatment .. O s
comparatively uniform through the wall of each jacket. The mean stress in
Cylinders Nos. I and 3 decreased from their initial values of 4.9 and 5.(' tons
per sq. inch by 35 and 38 per cent respectively. After treatment at 4500C
the corresponding de-reases were 22 and 16 per cent and after 4000C treatment
they were 14 per cent and nil. In the jacket of Cylinder No. 2 the effect
on mean stress was simillr for each temperature and it seemed probable that
4.000C was sufficient to permit a redistribution of stress involving local
changes which were large in relation to the mean decrease. The release of
stress after treatments at 4OC°C and 4-50' was greatest at mid-wall but after
5000C treatment the decrease was more uniform.

6. Exrimental Rsults in Relationship to Theory

A comparison between the experimental and theoretical results has been
made for the case of Cylinder No. 2, this design with plain tubes being the
most amenable to theoretical treatment. The stress system corresponding
with wholly elastic strain set up by the shrinking process has been used
for comparison with the stress conditions experimentally determined both
before and after heat treatment.

6.1 Theoreticaltress Conditi

The most important stresses in a shrunk-on barrel are circumferential
compression in the liner and circumferential tension in the jacket, each
attaining maximum values at the inner wall and minimum values at the outer
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C I
wail it the liner and jacket were freo from internal stress before building.
In aWition, there exists a radial compressive stress in both liner and jacket
which attains a maximum value at the interface between them And falls to
zero both at the bore of the liner and at the exterior of the jaoket.

These stresses my be oalou3ated for a cylinder built of plain t aes,
according to theory due to Lame, from the following formulae in whioh

RI  = radius at interface of liner and jacket

R2  = radius at interior of liner

R3  = radius at exterior of Jacket

= shrinkage at interface (i.e. original difference between
diamters of liner and jacket at interface)

P1  = pressure at interface

E = Young' s modulus

I/m = Poisson's ratio

-- K-'--" * = - ()
P, R2 + R R +R 2  d

2 2 2 0.
E. R 3  - -R R

Hoop stress at radius x :-

2 ( 2)

, -. x

in Jaoket= P, R1 2 + (3)
2

These hoop stresses are not directly measured by the present
experimental method which determines the total hoop strain. The appropriate
formulae for use in direct comparison with the experimental results are
given below:-

Stress equivalent to total hoop strain at radius x

in liner PR2  ZEX ( 1M _-R2 ( 1,7]
2 (00.

2 2 2,

in jacket FR23

3 1'
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The stresses in a barrel having the dimensions of Cylinder No. 2 with
plain tubes have been computed from those formulae (1) to (5). The results
for eight locationa in the cylinder wall are shown in the graph, Fig. 10, which
extends over a range of Values of shrinkage at interface, d, from 0.X02 inuh
to 0.008 inch. This corresponds with a range of interface presaue from
1.23 to 4.93 tons per sq. inch. Values of 13,000 tons per sq. inch and 1/3.5
we:.'e assumed for Young's modulus, E, and Poisson's ratio, I/m, respectively.

Foxr of the locations for which results are shown (Fig. 10) correspond
with test positions, two in the liner and two in the jacket. The relevant
shrinkage at interfauce for comparison with the tests before heat treatment
is 0.00613 inch, as calculated from the gauge measurements of Cylinder No. 2.
The corresponding interface pressure is 3.78 tons per sq. inch. The
theoretical stresses for this shrinkage and pressure at interface are indioated
in the table below, which also includes in col. 4 the average experimental
results obtained before heat treatment.

(1) (2) (3) _

Location in Jall of Cylinder Hoop Stress Stress "quivalont

tons p s to Hoop Strain

Diameter, inches Theoretical tons pev sq. inch

eretical J xperimental

Comression

3.074 (liner interior) 15.56 15.56 -
3.21 (c.f. tests, table 4) 14.92 14.73 15.2
4.15 ( " " ") 12.06 11.06 10.6
4.2&4 (linor exterior) 11.70 10.20 -

Tension

4.284 (jacket, interior) 6.82 7.90 -
4.43 (c.f. tests, table 4) 6.48 7.46 6.6
7.86 " " ) 3.10 3.11 2.9
8.o Jacket, exterior) 3.04 3.0

Conare ssi on/Tonsi on

Linor/jacket, mean stress ratio 2.8 2.4 2.7

It will be noted th!-.t at the liner interior and the jacjket exterior the
hoop stress is equal to the stress equivalent to the hoop strain, i.e. the
stress measured in these experiments, and that elsewhere in both liner and
jacket the difference increases continuously as the interface is approached.
The hoop stress is the greater of the two stresses in the liner and the
lesser of the two in the Jacket.

6.2 Comparison of Test Results with Theoretical Values

The averae-e stresses measured before heat treatment, given in column
(4) of the preceding table, are reasonably close to the thooretijal values

12.



shown in column (3). The cifferericea however combine to produoe a measured

siress gradient which is greater in the liner and less in the Jacket than
is the theoretical gradient. Tests at U.16 and 8.47 inches from the breech
end are the individual results nearout to -de caloulatud values.

After treatment at 4000C there was some release of maximum stress in
the liner but practically no rmhange in stress at the exterior of liner
(Fig. 8). The result was therefore an approaoh to the theoretical stress
gradient. Only a swall change occurred in jacket stress and this was
uniformly distributed throughout its thickness. After treatment at 4500C
there was a small release of streso throughout the liner wall and approxi-
mation to the theoretical gradient persisted. After treatment at 5000 C
the release of stress was much more .zrked throughout the liner but very
little more in the Jacket. The stress gradient in the liner had now become
less and that in the jacket greater than was demanded by theory but at the
interface the liner and jacket stresses agreed with the theoretical relation-
ship. The experimentally determined stress ratio in liner and janket
tended to decrease to the theoretical value with heat treatment at 50000.

By means of the graph (Fig. 10) an estimate may be made of the decrease
in the interface pressure and shrinkage caused by the heat treatments.
Because tde measured stress results do not conform exactly with theory slightly
differing results are obtained depending on which measured stress is selected
as the basis. Four sets of results are shown in the following table derived
from the stresses measured at diamters near the interio and exterior of
both liner and jackut. The average of te two pre-heat treatment liner
shrinkage values, 0.00611 innh, agrees well with the shrinkage of 0.00613'
inch oalci1ated from the gauge measurements.

Estimate Pressure at After
based on stress interfane = P Before heat treatment at

measured at Shrinkage at heat -

diameter interface = d Treatment 400 0 soOC 5000 C
2

3.21 ins. P1 tons/in 3.93 3.42 3.13 2.40

(liner) d inch 0.00632 0.00550 0.00505 0.00388

4.15 ins. P tons/in2  3.67 3.& 3.32 2.66

(liner) d inch 0.00589 0.00566 0.00532 0.00427

4.43 ins. P tons/in2  3.38 3.35 3.12 2.90
I

(jacket) d inuh 0.00543 0.00537 0.00503 0.00464

7.86 ins. P tons/in2  3.51 3.40 3.27 2.92

(Jacket) d inch 0.00564 0.00545 0.00526 0.00468

It will be observed that the. estimated pressure and shrinkage at the
interface as derived from the measured liner stresses are greater than those
derived from the jacket stresses before heat treatment. This relationship
however is reversed after -roatmnt at 50C°C, the lowor temperatures of
troatmnt having produeod olose agreement.
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7. is cusaon of Results

Many of the results obtained in this investigation can be explained
on the basis that oreep properties are the controlling influence. Some
interest therefore attaches to publishqed data on this subject which indioates
the effects on stress release of varying composition of steel, duration of
heating and other variables outside the range of this investigation.

7.1 Mode of Stress Release

In a fully tempered steel no structural change is produced by raising
the temperature to any point beloq its transformation temperature and the
room temperature mechanical properties are therefore not affected. The
mechanical properties at temperatures within such a range are however revor-
sibly affected by change of temperature.

Those properties which are speiially relevant to this investigation
are the minimum creep stress and the ireep rate at a given stress. Creep
may be defined as a plastic strain which increases continuously under the
influence of a constant stress. It passes through threc phasces in suoccssion
after tla load is appliod during which the rate of plastic strain decreascs
rapidly, rcmains constant and finally inrrasos until fracture occurs.

Constant stress however is not necessary to the definition of creep but
merely a convenience in measuring it. In these experiments therefore the
process which accompanies the release of residual stress during heat
troatmnt is considered to be analogous to crcep and to be governed by the
sj.o principles.

7.2 Sm Croop Popcrties of C,.rbon end Low-Jloy. Steels

The investigation of creep properties has been d-evoted mainly to materials
destined for continuous service at high tempcratures. ..n exmnation of
a normalized 0.17 per cent carbon steel for boilers was oarried out by
Tapsell.(3) The test temperature was 45500 and the results of tests u) to
150 hours duration, reproduced in the adjoin ng table, indicate a rapid and
continuous decrease in the rate of strain over this period at each of the
stress levels investigated.

Stress, tons per sq. inch 57 6 7 8

Time Interval Total Strain, per cent
after loading (at 45500)

Immediate .0050 .0075 .0094 .0181
10 hours .0100 .0150 .0212 .0419
50 hours .0144 .0225 .0312 .0637
9 50 hours .0187 .0287 .000 1 .0837

Other short time creep test results for carbon steels (4) have shown the
effoct of temperature variation ovor the range used in the present investigation.
The conditions required to produce I por cent strain have boon chosen for
purpoes of comparison in th adjoining ablc, gn this basis it is shown
ftat an incroaso in tesporaturo from 400 C to 500 C decreases the equivalent
creep stress by about one half. This deorease bears no relationship to the
decrease in yield point which was comaratively sm. .
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Tempeature of Test 4000 I 500 50000

Yield Point, tons/in2  2.1 J 11.6 10.3

Duration of Loading Stress, tons per sq. in-h
(to produce i per cent strain)

1 hour 20.5 16.5 11.2
10 hours 17.0 13.4 8.0
100 hours 13.4 9.8 6.0

The com?6sition of steel has an important influenue both on initial
creep rate and on creep stress. An increase in carbon or silicon tends
not only to reduce the initial orcep rate but the total creep is also
reduced. In tests (4) oarried out at a temperature of 54O0 with a stress
of about 2.25 tons per sq. inch the strain rate was reduced from 0.16 to
0.01 xer cent pcr 1000 hours by . increu, in tc c .rbon contcnt from C.C12 to
0.160 per -ent. Hign 'anganese also is beneficial. iluainium is detri-
mental in carbon steel but has little influence in alloy steels.

The most important elements for the improvement of creep properties
in low alloy steels are molybdenum and vanadium. Taking for example (4)
a test tempe,-ature of 4540C and a atrain rate of 0.1 )er cent per 1000
Imurs the addition of 0.53 per cent molybdenum increased the creep stress
from 3.39 to 12.72 tons 3er sq. inch and this was achieved in s2ite of a
decrease in carbon content from 0.35 to 0.16 per cent. For a strain rate
reduced to 0.01 per cent per 1000 hours the corresponding increase in
creep stress was from 1.52 to 8.93 tons per sq. inh.

The effect of carbon in a 0.5 )er cent molybdenum steel, according to
Glen (5), varied with the state of strain. At 55000 with a stress of

9 tons per sq. inch increase in carbon up to at least 0.4 per cent produced
increase in ereep resistance for 0.1 per cent strain, but for 0.2 to 0.5
per cent strain maximum creep resistance required carbon contents to decrease
in the range 0.35 to 0.2 per cent.

The raising of the creep li-ait vith addition of olybdenum was shown

in the adjoining table:. due to 2ohl, Scholz and Juretzek (6), to increase
with increase in temperature. The improvement in the nickel steel over the
plain carbon steel was probably due to the higher carbon content of the former.

Composition Creep Limit, tons per sq. inch, at Temperature

C Un Ni Mo 35000 40000 I 45000 5000C

.10 .49 - ,875 5.3 .6 -

.28 .54 2.0 - 12.7 9.5 5.9 3.2

.15 .50 .34 11.1 10. 15 9.5 7.1
-- .. - i - -_____ _ ,

Creep limits at 4500C are almost invariably below the limit of
proportionality, according to results quotod by Guillot, Galibourg and
Samsoen ,(7) some of which are reproduced below. They show in addition
the advantage of reducing nickel and inoreasing molytdenum in a hardened
and tempered steel.
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Composition At 4500C

C Ni Cr Meo Condition Limit of Proportion- Creep Limit

-115 . 5.75 3.56
.22 - 4.3 4.3
.36 4.58 1.3 - Hardened and 21.8 5.7

Tempered
• 33 2.71 0.73 .03 U 17.5 11.8
.3o 2.78 1075 .33i" 24.4 16.9

Ni-Cr Steel - Semi-hard 8.7 9.5

Vanadium was shown by Glen (5) to be a useful addition in combination
with molybdenum but when used as a single alloy addition it greatly
improved creep resistance. This was shown in the following table of
results, due to Cross and Lowther (8), where the rereep rates and total creep
are quoted for a load of 4.47 tons per sq. inch after 500 hours at a
temperature of 4540C.

Composition Rate of Deformation Totalpar cent Dof areation
C lI"n Si V per hour per cent

•35 .55 .19 - 0.00058 0.523
037 .70 .16 8 0.0006 0.120

The specified per centage composition of the No. I gun steel used for
the test cylinders was: carbon 0.2 .35, nickel 2.0/3.4, chromium 0.5/1.0,
molybdenumn 0.35/0.80, manganese 0.4/0.8, silicon 0.05/0.30, vanadium 0.25.
.tccording to some of the creep: test results quoted (7) this steel should be
capable of sustaining heat treatment at 4500C without stress relaxation
provided that the initial stress did not exceed 16.9 tons per sq. inch. This
value was equal to the highest stress measured in Cylinder No. 2, located

at 5.85 inches from the breech (Table 5), but the bore stress must be put a
little higher at about 18 tons per sq. inch after allowing for the stress
gradient and therefore some creep was to be expected.

The present experimental results however show an appreciable relaxation
at this temperature, an average stress of 15.2 tons per sq. inch having been
reduced by 20 per cent. The creep results quoted by another authority (6)
for a molybdenun steel containing rather less carbon appoared to be more
applicable. Here the creep limit was 9.5 tons per sq. inch at 45000 which

togetber with limits of 10.1 and 7.1 tons per sq. inch quoted for 4000C and
500 0C conform closely to the results of the present tests.

7.3 Effects of Thermal Expansion and Creep on Residual Stresses

If the temperature of a built up cylinder is raised uniformly throughout
its mass the resulting uniform expansion produoes no ohange in the elastic
shrinkage stresses ewept those oonsequent on a slight change of modulus.
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2bsnoe str.ess@@ are dependent on the rato of dimensions of the two oomponent. '
tuabes in the unstressed condition and this remains the sase at 0.1 tmper-

• atur1es.

The effect of increasing temperature is continously to decrease the
minimum creep stress of the steel; when this has fellen below the maximum
stress then existing in the cylinder creep occurs locally in that zone of
maximum stress which stress is thereby reduced. The maximum is normally
the bore compressive stress which is therefore reliefed by plastic flow
towards the cylinder axis. The result is a reduction of bore diameter.
The greater the excess temperature above that corresponding with the limiting
creep stress and the longer it is maintained the greater will be the creep
strain; but vhen, as in this case, creep is attended by stress relief it
will cease when the minimum creep stress for that particular temperature is
attained, and further treatment at that temperature will have no effect.

If the stress gradient is high enough an immediate result of the reduction
of bore compressive stress with contraction of bore is a compensating increase
in the elastic compressive stress at the exterior of the liner producing an
equalizing effect. An example of this occurred in Cylinder No. 3 after
both the 4000C and the 4500C treatments (Table 5), but there was normally
enough creep throughout the wall thickness to preclude any increase of
stress at the exterior of the liner. This was more decidedly the case at
higher temporature when very appreciable stress relief by plastic flow omourred
throughout the liner wall.0 It may be observed in the tests of Cylinders
Nos.T and 2 after the 5000C treatment (Table 6).

.n essential condition for these changes to occur in the liner, whinh
involve a reduction of its diameter, is the maintenance of some tension in
the jacket. There will hovever have been some release of tension in the
jacket, owing to nontraction of the liner, without the occurrence of any
creep in the Jacket itself. If hov;ever Jacket stresses are above the minimum
creep stress, there will be additional stress relief by creep strain in the
jacket accompanied by expansion of its interior surface and an equalization
of stress through the wall similar to that described for the liner. This
will allow additional stress relief in the liner by simple elastic expansion.
.:.s the initial maximum jacket stresses were less than the minimum liner stresses
in the experiments after treatment at 5000 C there was probably very little
release of stress by creep in the jackets of the test cylinders.

It may be assumed that the condition of stress which exists at the
temperature iihen creep ceases still persists after return to room temperature
for the reasons given earlier vihcn discussing the effects of heating the
cylinder. Because creep rate diminishes rapidly after initial loading, where
stress and temperature conditions are maintained constant, it may be suggested
that in a built-up cylinder, heated to a given temperature, the stress
conditions soon become relatively stable and that holding it at that
tein.ercture for a prolonged period will have little further effect.

8. Conclusions

The residual circumferential stresses in three shrunk-on barrel sections
have been determined before and after heat treatment for one hour at

17.



temperatures 4 0 C0, 4500 and 500 0C. The barrel sections were 3.074 inches
diameter smooth bore, 8 inohes exterior diameter and 18 inohes in length.
Cylinder No. I was made with a grooved jacket, No. 2 with plain tubes and
No. 3 with a grooved liner. All were inade in Ni-CrQIo steel to specifi-
cation -.5- (No. 1) and hardened and tempered.

Circumferential stresses were determined at various diameters in the
':Oalls of both liner and jacket by measuring the change in diameter of narrow
rings parted off from the end face of a section of cylinder. The initial
tests showed some variation in the stress level along the cylinders. Single
determinations before and after heat treatment were therefore considered to
be insufficient to indicate the effects of heat treatment. The average
figures for groups of six tests before and two tests after the treatments
were used for this purpose. (Table 6)

8.1 Cylinders Nos. I and 3 (with wa~er cooling channels)

(a) The initial stress levels qere similar in Cylinders Nos. I and 3,
the m'oan liner stresses being 10.4 tons per sq. inch and 9.1 tons
per sq. inch (grooved liner) and the mean jacket stresses being
4.9 tons per sq. inch (grooved Jacket)and 5.0 tons per sq. inch
respectively.

(b) The stress gradient through the liner wall was greater in Cylinder
No. 3 (grooved liner) than it was in Cylinder No. I. The maximum
stress in the jacket of Cylinder No. 3 occurred within the wall
at about 0.3 inch froca the interior jacket surface.

(c) The decrease in stress with treatment at 4000C was nil in the liners
rf both Cylinders Nos. i and 3 and in the No. 3 (plain) acket.
There was a stress decrease of 14 per cent in the No. I (grooved)
jacke t.

(d) 7ith treatment at 4500C the liner stresses in both Cylinders
Nos. I and 3 Yjere still not appreciably affected but the jacket
stresses decreased by about 20 per r ent.

(e) Tith treatment at 50000 the liner stresses of Cylinders Nos. I and 3
decreased by 13 and 14 per vent and the jacket stresses by 35 and
38 per cent respectively.

8.2 Cylinder No. 2 (plain tubes)

(a) The initial maean stresses in Cylinder No. 2 were 12.7 tons per
sq. inch in the liner and 4.5 tons per sq. inch in the jacket.
These stresses were higher in the liner and lower in the jacket
than the corresponding stresses in the cylinders with cooling
channels. The greater effective wall thickness of the jacket
of Cylinder No. 2 accounted for a different ratio between liner
and Jacket stresses.

(b) With heat treatment at 4000C the initial steep stress gradient through
the liner wall, 15.2 to 10.6 tons per sq. inch, was reduced by
decrease of the maximum stress at the bore without appreciable
change of stress at the liner exterior and the mean liner stress
was decreased by 13 per cent.
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(o) With heat treatment at 4509C there was further decrease ci
maximumi struss at the bore and a alight decrease of streas at the
cxtericr, thu mean valuc bcing decrease.d by 17 per cunt.

(d) Heat tr,.atmcnt at 5000C gr,.atly inoasud tho strems release and
dccreas~d the. moan stress by 30 per cunt.

(c) Thu du reasc of mean jacku.t stress in Cylinder No. 2 with truatsient
at 500 Cwas only 161, but it appeared to be nio lose with truatmunt
at 400. Decrease of struss at mid-wall was thc. main ceffect at
the lower tcmpcraturgs but tho decrease was mcro uniformnly
distributwd with 50 0 0 treatment.-

6.3. Coipaiscn of L'xpr.riinental and Thcorutical Stress Values

()Theorctical strasses equivalent to circmu'runtial strain were
calculatA.. f or Cylinder No. 2 (plain tubes). They wore based
on tho calculated interface shrinkage of 0.00613 inch and inter-
face pr..ssurc of 3.78 tons per sq. inch. The stress vvalus aero
14.73 and 11.06 tons per s.inch nevar intericr and exterior of
liner res-9kctively and 7.46and 3.11 tons p~r sq. inch near
interior and exterior of Jacket.

(b) BxporiL-aental stress values corrvspcnding with thu prceding
thcorutical values wurc 15.2 and 10.6 tons per sq. inch for the
liner and 6.6 and 2.9 tons per sq. inch for the jacket.

(c) The shrinkage at inturface, calculated froia thu vxporimentally
deterrined linur stressus, ducrased from C..C0611 inch to 0-C0588,
0.00518 and 0.00407 inch r~.spuctivuly with huat truatuent tciapuraturus
of 400, 450 and 5000C. This represented decreases of 8.2, 15.2
and 33.4 pe:r cent ruspectively. Thu; interfu pressures docrecasud
correspondingly frcu, 3.630 tons pe;r sq. inch to 3.47, 3.23 and 2.53
tons per sq. inch rcspu.ctively.

(d) The. shrinkage at interface, calculated froiu the. cxpurhauntally
dete.rmiaed jacket stresses, dccrejas~d fro,-, 0.00553 inch to
0.00541, 0.00514 ang, 0.004%~inch respectively with huz.at treataent
teiiperatur.s of 400 C., 450' and 500-C. This rupr, suntud doocas..s
of 2.2, 7 and 16 per cunt respectively. Thu interface prejssurejs
ducruzas.d correspondingly fro a 3.45 tons per sq. inch to 3.37, 3.19
and 2.91 tons per sq. inch respectively.

(e) Possib1Q causes of the differujnce in valu.s between the pressure at
:itvrf.-aeu -,i Jutz r Qne iroi. the liner and jacke.t struss "uasureuients
re thie existenc of indepe ndent internal stress systens within the

comnponent tubes and insufficient data for computing mean stress with
the necessary accuraoy.
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fable 1. Particulars of Tost Cylinders used fa Shrinkage Invostigation of
Ordnanoo Q.F. 3 inch 70 Cal.
Pixtracted from C.2. i.D. Drawing D.10(G)7428, Sheets 1, 2 and 3.

Cylinder No. 2 3

Type of Design Grooved Plain Grooved
Jacket Tubes Liner

Length of Cylinder,Inches 18.0 18.0 18.0
Diameter: Bore (Liner), inches 3.074 3.074 3.074

Exterior (Jacket) inches 8.0 8.0 8.0
Interface, inches 4.286 4.286 4.786

Number of Grooves (Water cooling channels) 16 - 16
Width of Grooves at Interface, inch 0.4 - 0.5
Depth of Grooves, inch 0.28 - 0.25
Radius at bottom of Grooves, inch 0.15 - 0.25
Effective Wall Thickness Ratio, Jacket/Liner 2.602 3.064 2.653
(i.e. at sections through bottom of grooves)
Shrinkage at Interface, inch 0.005 0.005 0.005

Steel Specification E52, Analysis i, Yield 45-55 tons/in
2

Table 2. Measurement of diameter of Cylinders before and after building.
Data extracted from C.I.iT.O. Records.

Distance from Cylinder No. I Cylinder No. 2 Cylinder No. 3
Brecch End Bore 'xteriorx Bore Exterior Bore Exteriorn

diameter diameter diameter diameter diameter diameter
Decrease Increase Decrease Increase Decrease Increase

inches inch inch inch inch inch inch

0.5 0.0035 0.0010 0.0035 0.0020 0.0035 0.0025
2 .0030 .0015 .003O .0020 .0030 .0025
4 .0030 .005 .0030 .0020 .0030 .0025
6 .0030 .0020 .0030 .0020 .0030 .0025
8 .0030 .0010 .0030 .0020 .0030 .0020

10 .0030 .0010 .0035 .0020 .0030 .0020
12 .0030 .0015 .0040 .0020 .0030 .0025
14 .0030 .0010 .0035 .0020 .0025 .0025
16 .0030 .0010 .0035 .0020 .0020 .0025
17.5 .0030 .0010 .0035 .0020 .0020 .0020

Average 0.00305 130 0.00335 0.C0200 0.00280 0.00235

Bore Decrease
+ Exterior
Increase in diamter 0.00435 0.00535 0.00515

n Interpolated froma moaauemnts at 3-inch intervals.
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Table 3. Swary of Stress Determinations mado bofore and after tho Hoot Treatmonts.

Cylinder No. I Grooved TJacket

Before Heat Treatment , I

Distanou from All
Breech .nd, ins. 0.0 0.34 0.65 5.87 8.20 8.52 Locations

Average

Mean Diameter of Stress Equivalent to Hoop Strain 2Test Ring, ins. tons per sq. inch (E -13,000 tons/in)

3.21 -12.6 -10.5 - 9.9 -14.5 - 7.8 -14.2 -11.6
3.68 -11.7 -10.3 - 7.8 -11.L - 8.1 -11.1 -10.1
4.15 -11.5 - 9.0 - 9.0 - 8.5 - 9.1 -11.0 - 9.7

4.99 + 6.5 + 6.6 + 6.4 + 8.3 + 7.8 + 6.9 + 7.1
5.46 + 5.4 + 6.6 + 6.6 + 6.2 + 6.4 + 5.2 + 6.1
5.94 + 4.3 + 5.8 + 5.3 + 6.2 + 5.8 + 5.5 + 5.5
6.42 + 4.4 + 3.6 +.4.6 + 4.9 + 5.7 + 3." + 4.5
6.90 + 3.6 + 4.7 +4.1 + 4.7 + 5.3 + 3.1 + 4.2
7.38 + 3.3 + 4.2 + 4.2 + 4.8 + 4.5 + 4.0 + 4.2
7.86 .3.3 +2.1 +1.9 +3.8 +3.1 + 3.2 + 3.0

Lincrt (moan) -11.9 -10.0 - 8.6 -11.5 -8.3 -11.9 -10.)4
Janke t(moan) + 4.4 + 5.0 + 4.8 + 5.5 + 5.5 + 4.4 + 4.9

Lincr/Jaket Ratio 2.7 2.0 1.8 2.1 1.5 2.7 2.1

After Heat Treatment for one hour at:-

Temperature 4000C 4500c 500 0C

Distance fromI II
reechnd, ins. 6.201 6.50 jAverage 6.801 7.10 verage 2.50 2.83 k.verage

ean Diameter of Stress Equivalent to Hoop Strain
est Ring, ins. tons per sq. inch (E = 13,000 tons/in2 )

3.21 -11.6 -13.9 -12.8 -11.6 - 8.3 -10.0 -10.4 - 8.9 - 9.7
3.68 - 5.6 -14.6 -10.1 -10.1 - 9.9 -10.0 - 8.6 -9.4 - 9.0
4.15 - 3.9 -7.5 - 8.2 -10.6 - 9.0 -9.8 - 7.6 -9.0 - 3.3
4.99 + 6.0 + 7.0 + 6.5 + 5.5 + 6.1 + 5.8 + 4.4 + 3.6 + 4.0
5.46 + 5.8 + 5.5 + 5.7 + 3.9 + 5.1 + 4.5 + 4.4 + 2.9 + 3.7
5.94 + 4.8 + 4.0 + 4.4 + 4.2 + 4.2 + 4.2 + 4.5 + 2.2 + 3.4
6.42 + 5.0 + 4.4 + 4.7 + 4.2 + 4.0 + 4.1 + 2.6 + 2.4 + 2.5
6.90 + 4.3 + 2.9 + 3.6 + 3.3 + 3.0 + 3.2 + 4.2 + 3.4 + 3.8
7.38 + 4.2 + 3.2 + 3.7 + 2.9 + 3.0 + 3.0 + 2.9 - 2.2 + 2.6
7.86 + 2.3 *:.o.6 + 1.5 + 1.6 + 2.6 + 2.1 + 1.6 +2.0 + 1.8

iner mean - 7.9 -12.7 -10.3 -10.6 - -10.0 - . - 9.2 - 9.0
Jaoket (mean + 4.7 + 4.0 + 4.2 + 3.7 + 3.9 + 3.8 + 3.6 + 2.7 + 3.2

' L.nar/Jaoket

Ratio 1.7 3.2 2.4 2.9 2.4 2.6 2.4 34 2.8

nesOmpesive siress indcoated by minus sign
Tensile " plus "
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Table 4. Swumary of Stress Determinations made before and after the Beat Treatmont.

Cylindor No. 2 Plain Tubes.

Before Heat Treatment

Distance from 0.35/1f All
Breech Eid, ins. 0.0 0.70 1.05 5.85 8.16 8.47 Locations

-- L .1Average
iean Diameter of Stress Equivalent to Hoop Strain

Test Ring, ins tons per sq. inch (E -13,000 tons/in2)

3.21 -16.4 -14.3 -14.0 -16.9 -15.1 -14.6 -15.2
3.68 -12.4 -11.1 -13.1 -12.6 -12.8 -11.8 -12.3
4.15 -10.2 -11.4 -10.0 - 9.4 -12.3 -10.5 -I0.6
4.43 + 1.0 + 1.04 + 3.5 + 7.3 + 8.7 + 6.8 + 6.6
4.92 + 6.1 + 4.3 -'- 7.8 + 5.3 + 6.5 + 5.2 + 5.9
5.41 + 7.0 + 4.8 + 4.5 + 4.3 + 5.2 + 5.4 + 5.2
5.90 + 4.7 + 5.5 + 4.5 + 4.6 + 6.0 + 4.5 + 5.0
6.39 + 4.9 + 2.8 + 4.4 + 4.2 + 3.1 + 2.8 + 3.7
6.88 + 5.3 + 2.5 + 2.7 + 2.3 + 4.4 + 4.1 + 3.6
7.37 + 3.7 + 2.5 + 3.1 + 2.4 -;- 5.0 + 3.0 + 3.3
7.86 + 2.3 + 4.7 + 4.0 + 1.5 + 2.9 + 2.1 + 2.9

Liner (mean) -12.9 -12.0 -12.6 -12.9 -13.7 -12.2 -12.7
Jacket (iean) + 4.8 + 3.6 +4.4 + 3.9 + 5.1 + 4.2 + 4.5

Liner/Jacket
Ratio 2.7 3.2 2.9 3.3 2.7 2.9 2.8

After Heat Treatment for one hour at:-

Temperature 400°C 4500 C 5000C

istance from iii7 I vere.
Bech !nd, ins. 6.17 6.40 fiverage2.50 2.83 Average

coan Diameter of Stress Equivalent to Hoop Strain
Test Ring, ins. tons per sq. inch (E = 13,000 tons/in 2)

3.21 -12.1 -14.3 -13.2 -11.8 -12.3 -12.1 -8.3 -10.2 - 9.3
3.68 - 7.6 -13.1 -10.4 -10.7 - 9.7 -10.2 - 9.0 - 9.4 - 9.2
4.15 - 9.2 -11.1 -10.2 -1o.5 - 8.6 - 9.6 - 7.5 - 7.8 - 7.7
4.43 + 7.01+ 6.0 + 6.5 + 5.9 + 6.2 .:. 6.1 + 5.8 + 4.5 + 5.2
4.92 - 5.5 + 5.7 + 5.6 + 5.2 + 4.9 + 5.1 + 5.2 + 6.2 + 5.7
5.41 + 3.51 +3.5 + 3.5 + 4.4 + 4.9 - 4.7 +4.6 + 4.4 + 4.5
5.90 + 4.01+ 3.5 +- 3.8 + 3.5 + 3.8 + 3.7 + 4.0 + 3.5 + 3.8
6.39 + 4.2. 2.4 + 3.3 + 3.4 + 3.6 + 3.5 ,3.4 + 2.8 + 3.1
6.38 + 3.0 + 2.6 + 2.8 + 3.0 + 2.5 + 2.8 + 2.9 + 3.0 + 3.0
7.37 + 2.5 + 4.0 + 3.3 + 3.1 + 2.8 + 3.0 + 2.3 + 2.4 + 2.4
7.86 + 2.81+ 2.4 + 2.6 + 3.5'+ 2.1 + 2.8 + 3.1 + 2.1 + 2.6

Linor moan - 9.1 -12.9 -110 -10.9 -10.1 -10.5 - 8.5 - 9.2 I-8.9
Jackot (moan) + 3.9.+ 3.7 + 3.8 + 3.9 + 3.8 + 3.9 + 3.8 + 3.7 + 3.8
Linor/Jacke ti .. ..

Ratio 2.3 3.5 2.9 2.8 2.7 2.7 2.2 2.5 2.3

Ei Exoluded from calculation of avorage
Compessive stress indicated by minus sign
Tensile " ' plus "
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Table 5 Summary of Stress Doterminations made befao and after the Boat treatments.

Cylindor No. 3 Groovod Liner

.... . . .._Bofro Heat Troaont
Distance from -A l All

Brcech End, ins. 0.0 0.53 0.85 5.75 8.02 8.33 Locations
I .I .I.-....verago

Mean Diameter of Stress Equivalent to Hoop Strain
Test Ring, ins. tons per sq. inch (1, = 13,000 tons/in 2 )

3.21 -12.9 -11.6 -10.5 -10.8 -11.0 - 8.9 -11.0
3.68 -10.1 - 6.8 - 8.3 -12.2 - 8.2 -7.5 - 8.9
4.15 - 9.6 - 6.7 - 7.8 -10.3 -2.6 -9.0 - 7.7
4.93 + 6.9 + 3.9 + 6.4 + 2.0 + 2.9 + 4.9 + 4.5
5.42 + 6.3 + 5.7 + 6.5 + 4.2 + 8.3 + 5.8 + 6.1
5.91 + 4.5 + 6.0 + 5.6 + 7.3 + 6.1 + 5.9 + 6.0
6.39 + 3.4 + 5.4 + 4.8 + 4.9 + 6.6 + 4.2 + 4.9
6.88 + 4.3 + 4.7 + 4.6 + 5.2 + 6.2 + 3.3 + 4.7
7.37 + 4.2 + 4.9 + 3.3 + 2.9 + 4.2 + 4.3 + 4.1
7.86 + 3.1 + 4.0 + 5.1 + 2.7 + 5. + 3.1 + 3.9

Liner (mean) -10.7 - 8.2 - 8.7 -11.4 - 7.5 - 8.2 - 9.1
Jarket (mean) + 4.6 + 5.1 + 5.2 + 4.6 + 5.9 + 4.6 + 5.0

Liner/Jacket
Ratio 2.3 1.' 2.5 1.3 1.8 1.8

,,fter Heat Treatment for one hour at:-

Temperature 400 0C 450%C 5000C
Distance from
Breech 6.35 verago 6 6.95 .verage 3.40 3.67 [Average

Mean Diameter of Stress Equivalent to Hoop Strain
Teat Ring, ins. tons per sq. inch (E = 13,000 tons/in2 )

3.21 - 8.3 -11.8 -10.1 -11.8 - 9.7 -10.8 - 9.1 - 8.0 - 8.6
3.68 - 6.8 -11.5 - 9.2 - 9.2 - 9.9 - 9.6 - 3.7 - 7-5 - 8.1
4.15 - 7.3 - 9.2 - 8.3 -10.6 -10.2 -10.4 -5.2 - 7.6 - 6.4
4.93 + 3.5 + 4.6 + 4.1 .! 3.7 + 3.5 + 3.6 + 2.7 + 1.3 + 2.0
5.42 . 7.9 + 5.1 + 6.5 + 5.0 + 5.1 + 5.1 + 5.0 + 3.6 - 4.3
5.91 + 4.2 + 5.0 + 4.6 + 4.9 + 4.6 + 4.8 + 3.7 + 2.4 + 3.1
6.39 + 5.6 + 6.1 + 5.9 + 4.6 + 4.2 + 4.4 + 2.9 + 2.6 + 2.8
6.38 + 5.2 + 3.9 + 4.6 + 3.9 + 4.3 + 4.1 + 2.7 + 3.0 2.9
7.37 + 4.4 + 8.2 + 6.3 + 2.6 + 3.8 + 3.2 + 2.6 + 3.5 + 3.1
7.86 + 3.6 + 3.9 + 3.8 + 3.2 + 2.9 + 3.1 + 1.7 + 2.7 + 2.2

Liner (mean) -7.3 -11.0 -9.2 -10.2 - 9.9 -10.1 -7.9 .7.7 - 7.8
Jacket (mean) + 5.1 + 5.4 + 5.3 + 4.1 + 4.2 + 4.2 + 3.2 + 2.9 + 3.1

Liner/Janket
Ratio 1.4 2.0 1.7 2.5 2.4 2.4 2.5 2.7 2.5

Ccmressive str'ess indicated by minus sign
Tensile plus
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Table 6. Effect of Heat Treatment on Stress Values.

Change of Stress after Treatment
Mean Diameter Stress for I hour at temperature

3f before +400°o 1 50000

Test Ring Treatmentinches tons/in.2 tons/t per Itons/Tper ton/! per
toni n,/ I cent in.2 Icentj in,' I cent

Cylinder No. I (Grooved Jacket)

3.21 11.6 Compression + 1.2 + 10 - 1.6 - 14 - 1.9 - 16

3.68 10.1 " 0.0 0 - 0.1 - I - 1.1 - 11
4.15 9.7 At - 1.5 - 15 + 0.1 + 1 - 1.4 - 14
4.99 7.1 Tension - 0.6 - 8 - 1.3 - 18 - 3.1 - 44
5.46 6.1 " - 04 - 7 - 1.6 - 26 - 2.4 - 39
5.94 5.5 " - 1.1 - 20 - 1.3 - 24 - 2.1 -38
6.42 4.5 i + 0.2 + 4 - o.. - 9 - 2.' - 44
6.90 4.2 0.6 - 14 - 1.0 - 24 - 0.4 - 10
7.38 4.2 -0.5 - 12 - 1.2 - 29 - 1.6 - 38
7.86 3.0 " - 1.5 - 50 - 0.9 - 30 - 1.2 - 40

Liner mean 10.4 Compressi(n - 0.1 - I - 0.4 - 4 - 1.4 - 13
Jacket mean) 4.9 Tension - 0.7 - 14 - 1.1 - 22 - 1.7 - 35

Liner/Jacket
Rati 2.1 + 0.3 - + 0.5 - +0.7 -

Cylinder No. 2 (Plain Tubes)

3.21 15.2 Compression -'2.0 - 13 - 3.1 - 20 - 5.9 - 39
3.68 12.3 " - 1.9 - 15 - 2.1 -17 - 3.1 - 25
4.15 10.6 -0.4 - 4 - 1.0 - 9 - 2.9 - 27
4.43 6.6 Tension - 0.1 - 2 - 0.5 - 8 - 1.4 - 21
4.92 5.9 " - 0.3 - 5 - 0.8 -14 - 0.2 - 3
5.41 5.2 " - 1.7 - 33 - 0.5 - 10 - 0.7 - 13
5.90 5.0 " - 1.2 - 24 - 1.3 - 26 - 1.2 - 24
6.39 3.7 " - 0.4 - 11- - 0.2 - 54 - 0.6 - 16
6.88 3.6 " -0.8 - 22 - 0.8 -22 - 0.6 - 17
7.37 3.3 " 0.0 0 - 0.3 - 10 - 0.9 - 27
7.86 2.9 " -0.3 - 10 - 0.1 - 3 - 0.3 - 10

Liner (Mean) 12.7 Compression - 1.6 - 13 - 2.2 - 17 - 3.8 - 30
Jacket (Mean) 4.5 Tension - 0.7 - 16 - 0.6 - 13 - 0.7 - 16Liner/Jacket 2

_ Ratio 2.8 ,+ 0.1 - 0.1 - 0.5 -

Cylinder No. 3 (Grooved Liner)

3.21 11.0 Compression - 0.9 - 8 - 0.2 - 2 - 2.4 - 22
3.68 8.9 " + 0.3 + 3 + 0.7 + 8 - 0.8 - 9
4.15 7.7 " + 0.6 + 8 + 2.7 + 35 - 1.3 - 2
4.93 4.5 Tension - 0.4 - 9 - 0.9 -20 - 2.5 - 56
5.42 6.1 " + 0.4 + 7 - 1.0 - 16 - 1.8 - 30
5.91 6.0 " -1.4 - 23 - 1.2 - 20 - 2.9 - 48
6.39 4.9 " + 1.0 + 20 - 0.5 - 10 - 2.1 - 43
6.88 4.7 " - 0.1 - 2 - G. 6 - 13 - 1.8 - 38
7.37 41 " + 2.2 + 54 - 0.9 - 22 - 1.0 - 247.86 3.9 " -0.1 - 3 - 0.8 - 21 - 1.7 - 44

Liner mean 9.1 Compression + 0.1 + I + 1.0 + i1 - 1.3 - 14Jacket mean 5.0 Tension + 0.3 + 6 - 0,8 -16 -19 -138

Liner/Jacket 1.8 - 0.1 - + 0.6 - + 0.7
Ratio
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Table 7 MIeasurement of Rings f or Stress Determiation

Cylinder No. 1 Before Heat Treatment

iean Dia- ,bhan5 e in Diameter of u Stress bhange in Diameter or x Stress
meter of Ring after Parting Off equivalent Ring after Parting off equivalent
Test Ring millimetres x .03 to milllmetres x 103 toinches -HoopStrin_ Hoop StraitIVertics.. Horizontall iean tons/in Vertical Horizontalkilean tons/in2

0.0 inch from Breech End 0.34 inch from Breech End

3.21 + 84 + 74 + 79 - 12.6 + 64 + 61 + 63 - 10.5
3.68 + 84 + 84 + 8 - 11.7 + 76 + 71 + 74 - 10.3
4.15 +123 + L- + 93 -11.5 + 81 + 64 + 73 - 9.0
4.99 - 99 - 26 - 63 + 6.5 -84 -44 - 64 + 6.6
5.46 .61 - 54 - 58 + 5.4 -84 -55 - 70 + 6.6
5.94 -58 -42 - 50 + 4.3 - 83 - 51 - 67 + 5.8
6.4.2 -70 - 40 - 55 + 4.4 - 54 - 35 - 45 + 3.6
6.90 -53 -42 -48 + 3.6 -62 -66 -64 + 4.7
7.38 -73 - 30 - 51 + 3.3 - 70 - 50 -60 + 4.2
7.86 -59 - -59 + 3.8 -64 - I -33 + 2.1

0.65 inch from Broach End 5.87 inches from Breech End

3.21 +70 + 53 + 62 - 9.9 + 95 + 87 + 91 - 14.5
3.68 +60 + 52 + 56 - 7.8 + 78 + 86 + 82 -11.4
4.15 +81 + 66 + 73 - 9.0 + 72 + 66 + 69 - 8.5
4.99 - 76 -48 - 62 + 6.4 - 81 - 80 - 81 + 8.3
5.46 -73 - 67 - 70 + 6.6 - 72 - 60 - 66 + 6.2
5.94 - 63 - 58 -61 + 5.3 - 80 - 63 - 72 + 6.2
6.42 - 71 - 44 - 58 + 4.6 - 65 - 58 - 62 + 4.9
6.90 - 67 - 43 - 55 + 4.1 - 65 - 62 - 64 + 4.7
7.38 - 64 - 56 - 60 + 4.2 - 73 - 64 - 69 + 4.8
7.86 - 81 + 21 - 30 + 1.9 +99 -216 -58 + 3.8

8.20 inches from Breech End 8.52 inches from Breech Znd

3.21 + 54 +44 + 49 - 7.8 +100 + 77 + 89 - 14.2
3.68 + 86 +29 + 58 - 8.1 + 90 + 69 + 80 -11.1
4.15 +111 +38 + 74 - 9.1 + 96 + 86 + 91 - 11.0
4.99 - 69 - 83 - 76 + 7.8 - 62 - 72 -67 + 6.9
5.46 -77 - 59 -68 + 6.4 - 54 -57 - 56 + 5.2
5.94 - 70 - 65 - 67 + 5.8 - 65 - 62 - 64 + 5.5
6.42 - 57 -87 - 72 + 5.7 - 53 -42 - 48 + 3.8
6.90 - 76 - 69 - 72 + 5.3 - 35 -49 -42 .+ 3.1
7.38 - 71 - 59 - 65 + 4.5 - 58 - 57 - 58 + 4.0
7.86 -51 -4.6 -48 + 3.1 -52 -46 -49 + 3.2

u Assumed Young' I odulus E = -13,000 tns per sq. inch.
Co=rossive Stress indicatedL by minus sign.

Tensilo Ytross indioated by plus 0gn.
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Table 8. Measurement of Rings for Stress Determination

Cylinder No. I After Heat Treatment

Mean ria- 'han'g h in eter = - g e i n - tiameter of x Stress

meter of Ring after Parting Off Equivalent Ring after Parting Off equivalent
Test Ring . millimetres x 103 to millimetres x 103 to

inches H tVertical oHorizontall Mean HOOP Str&IVT alHorizontal Mean Hoop Strin
. ! j tons/in2 c7 tons/a JPin

After Treatment for I Hour at 4000C

6.20 inches from Breech End 6.50 inches from Breech End

3.21 +102 + 44 + 73 - 11.6 +103 + 71 + 87 - 13.9
3.68 + 45 + 35 + 40 - 5.6 +121 + 88 +105 - 14.6
4.15 +101 + 44 + 72 - 8.9 + 80 + 42 + 61 - 7.5
4.99 - 57 - 61 - 59 + 6.0 - 57 - 78 - 68 + 7.0
5.46 - 72 - 51 - 62 + 5.8 - 33 - 85 - 59 + 5.5
5.94 -43 -68 -56 + 4.8 -87 - 6 - 47 + 4.0
6.4.2 - 22 -104 - 63 + 5.0 - 53 - 57 - 55 + 4.4
6.90 -127 + 11 - 58 + 4.5 - 56 - 21 - 39 + 2.9
7.38 - 70 - 52 - 61 + 4.2 -4+9 - 44 - 47 + 3.2
7.86 - 3+ - 38 -36 + 2.3 + 11 - 28 - 9 + 0.6

After Treatment for I Hour at 4 50
0

6.80 inches from Breech End 7.10 inches from Breech End

3.21 + 82 + 64 + 73 - 11.6 + 37 + 66 + 52 - 8.3
3.68 + 88 + 59 + 73 - 10.1 + 77 + 65 + 71 - 9.9
4.15 + 75 + 97 + 86 - 10.6 + 81 + 66 + 73 - 9.0
4.99 - 50 - 58 - 54 + 5.5 - 58 -62 - 60 + 6.1
5.46 - 23 - 61 - 42 + 3.9 - 52 57 - 55 + 5.1
5.94 - 34 - 65 - 49 + 4.2 - 4 -53 - 49 + 4.2
6.42 - 32 - 74 - 53 + 4.2 - 48 -51 - 50 + 4.0
6.90 -67 -21 -44 + 3.3 - 41 -41 - 41 + 3.0
7.38 -39 -45 + 2.9 -133 + 44 - 44 + 3.0
7.86 + 4 -52 -24 + 1.6 - 6 74 -40 + 2,6

After Treatment fcr I Hour at 50000

2.50 inches from Breech End 2.83 inches frnm Breech End

3.21 + 80 + 49 + 65 - 10.4 + 41 + 71 + 56 - 8.9
3.68 + 63 + 60 + 62 - 8.6 + 71 + 70 + 71 - 9.4
4.15 + 77 + 46 + 62 - 7.6 + 81, + 62 + 73 - 9.0
4.99 - 48 - 38 - 43 + 4.4 -54 - 15 -35 + 3.6
5.46 - 51 - 43 - 47 + 4.4 - 45 170 -31 + 2.9
5.9+ - 62 -429 - 52 + 4.5 - 33 -19 -26 + 2.2
6.42 - 37 - 29 - 33 + 2.6 - 43 -16 -30 + 2.4
6.90 - 57 - 47 - 57 + 4.2 - 65 -27 - 46 + 3.4
7.38 - 50 - 35 - 42 + 2.0 - 65 + I - 32 + 2.2
7.86 - 34 -16 - 25 + 1.6 - 20 -43 I"311 + 2.

m Assumed Young's Modulus E = 13,000 tons per sq. inch
Compression stress indicat-d by minus sign
Tensile Stress indicated by plus sign.

9 Interpolated values.
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Table 9 Measurement of Rin ,s for Stress ..eteriaintiOn

Cylinder No. 2 Before Heat rreatment

Kean Dia- Change in Diameter of x Stress Change in Diameter of x Stress

meter of Ring after Parting Off equivalent Ring after Parting Off equivalent

Test R ing m illimetres x 10 to m illim et res x I O3  to

inches Hoop Stran r Hoop Strain

i erticaJHoriz7ntalean tons/in 2  Vertical Horizontal tons/in2

0.0 inch from Breech "nd 0.35/0.70 inch from Breech Lnd---

3.21 + 94 +113 +103 - 16.4 + 90 + 89 + 90 - 14.3

3.68 + 91 + 87 + 89 - 12.4 + 75 + 84. + 80 - 11.1
4.15 + 75 + 92 + 83 -10.2 + 83 +51 +67 11.4

4.43 -5 - 13 -9 1.0 + 3 -21 - 9 + 1.0

4.92 -58 - 60 - 59 + 6.1 -50 -32 41 + 4.3

5.41 -75 -73 - 74 + 7.0 -54 -48 - 51 + 4.8

5.90 -52 - 57 - 54 + 4.7 - 72 -56 - 64 + 5.5

6.39 - 68 - 54 - 61 + 4.9 - 35 - 35 - 35 + 2.8

6.88 - 79 - 63 - 71 + 5.3 - 39 - 30 - 34 + 2.5

7.37 - 58 - 49 - 54 ;- 3.7 - 40 - 32 - 36 + 2.5

7.86 + 13 - 49 - 36 + 2.3 -105 -40 - 72 + 4.7

1.05 inches from Breech End 
5.85 inches from Breech 3nd

3.21 + 87 - 89 + 88 14.0 09 +103 +106 - 16.9

3.68 98 + 91 + 94 - 13.1 . 92 89 + 91 - 12.6

4.15 + 68 + 93 + 81 -10.0 + 76 + 76 + 76 - 9.4

4.43 -29 -30 - 30 + 3.5 - 51 -74 -63 + 7.3

4.92 -62 -87 - 75 + 7.8 - 61 - 41 - 51 + 5.3

5.41 -34 -62 - 48 + 4.5 - 42 - 50 -46 + 4.3

5.90 -57 -38 - 48 + 4.5 - 56 - 50 - 53 + 4.6

6.39 -45 -64 - 55 + 4.4 - 50 -56 -53 + 4.2

6.88 - 25 -48 - 37 + 2.7 - 31 -31 - 31 + 2.3

7.37 - 54 - 35 - 45 + 3.1 - 28 -40 - 34 + 2.4
7.86 40 - 83 - 61 + 4.0 + 94 -140 - 23 + 1.5

8.16 inches Lfrcra Breech Lind 8.47 inches from Breech End

3.21 +102 + 88 + 95 - 15.1 + 91 + 92 + 92 - 14.6

3.68 .+ 82 +102 + 92 - 12.8 + 85 + 84 + 85 - 11.8

4.15 + 96 +103 +100 -12.3 + 87 + 83 + 85 -10.5

4.43 - 73 - 76 - 75 + 8.7 - 55 -62 -59 + 6.8

4.92 - 65 - 60 - 63 + 6.5 - 53 -47 -5 o + 5.2

5.41 - 58 - 51 -55 + 5.2 - 58 -56 -57 + 5.4

5.90 -58 81 -69 + 6.0 -49 -55 -52 + 4.5

6.39 7 - 70 39 + 3.1 - 41 -29 -35 +2.8

6.88 -106 - 12 -59 + 4.4 -52 -58 -55 + 4.1

7.37 -68 -77 -72 + 5.0 - 37 - 50 -44 + 3.0
'7 86 + 34_124 45  + 2.9 - 1848 -3 + 2.1

i Assumed Young's 1,1odulus B = 13,000 tons -9er sq. inch

Cmpression Stress inoicated by minus sign.

Tensile Stress indicated by plus 
sign.

Results for Liner only at 0.35 inch frm Breech End
Jacket 0.70 ""

Complementary results lost owing to machining errors.
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Table 10. 1ieasurement of Rings for Stress Determinatin

Cylinder No. 2 . 'ter fleat Treatent

ea~n Dia- Change in Dianter of u; Stress Change in Diameter of Im StressAmeter of Ring after Parting Off equivalent Ring after Parting Off equivalont

*Test Ring millimetres x 103 to millimetres x 103 to
inches Hoop Strain .. . Hoop Strain
inche ortioallHonizontal IMean Honstan2  ortical Hizontalj M e tonsin2

After Treatment for 1 Hour at 4000C

6.17 inohes from Breech End 6.40 inches from Breech End

3.21 + 68 + 84 + 76 - 12.1 + 90 + 89 + 90 14.3
3.68 + 52 + 57 + 55 - 7.6 + 87 +100 + 94 13.1
4.15 + 74 + 75 + 75 - 9.2 + 83 96 + 90 -11.14.43 - 40 - 82 - 61 + 7.0 - 52 -51 - 52 + 6.0
4.92 - 49 - 56 - 53 + 5.5 - 43 -67 - 55 + 5.7
5.41 - 21 -52 -37 + 3.5 - 14 -59 -37 + 3.5
5.90 - 52 - 40 - 46 + 4.0 - 5 -75 - 40 + 3.5
6.39 - 41 - 65 - 53 + 4.2 - 58 -2 - 30 + 2.4
6.88 - 47 - 34 - 41 + 3.0 - 7 -62 - 35 + 2.6
7.37 - 33 - 39 - 36 + 2.5 - 66 - 48 - 57 + 4.0
7.86 - 36 - 51 -43 + 2.8 - 10 - 64 - 37 + 2.4+

Aifter Treatment for I Hour at 4500C

6.80 irhes from Breech End 7.15 inches from Brooch End

3.21 + 88 + 60 + 74 - 11.8 + 75 + 79 + 77 - 12.3
* 3.68 + 62 + 92 + 77 - 10.7 +6 + 72 +70 - 9.7

4.15 +- 90 + 80 + 85 - 10.5 + 70 + 71 + 70 - 8.6
4.43 -35 - 66 - 51 + 5.9 -52 - 56 - 54 + 6.2
4.92 -60 - 39 - 50 + 5.2 -45 - 49 - 47 + 4.9
5.41 -36 - 57 - 47 + 4.4 -51 - 54 - 52 + 4.9
5.90 -40 -40 -40 + 3.5 -44 -45 -44 + 3.8
6.39 - 63 - 24 - 43 3.4 -43 - 47 -45 + 3.6
6.88 - 13 - 66 - 40 + 3.0 -32 - 36 - 34 + 2.5
7.37 - 27 - 63 - 45 + 3.1 -54 - 26 - 40 + 2.8
7.86 + 17 -126 - 54 + 3.5 + 42 -106 -32 + 2.1

After Treatment for 1 Hour at 500 C

2.50 inches from Breech End 2.83 inches from Breech End

3.21 + 55 + 50 + 52 - 8.3 + 63 + 64 + 64 - 10.2
3.68 + 64 + 66 + 65 - 9.0 + 65 + 72 + 68 - 9.4
4.15 + 67 +56 + 61 - 7.5 + 73 + 54 + 63 - 7.8
4.43 - 52 -48 - 50 + 5.8 - 38 - 39 - 39 + 4.5
4.92 - 46 -54 - 50 + 5.2 - 62 - 57 - 60 + 6.2
5.41 - 42 -56 - 49 + 4.6 - 40 - 54 - 47 + 4.4
5.90 - 41 -52 - 46 + 4.0 - 38 -41 - 40 + 3.5
6.09 - 45 -42 - 43 + 3.4 - 48 - 22 - 35 + 2.8
6.88 - 30 -48 - 39 + 2.9 - 42 - 37 -40 + 3.0
7.37- - 25 - 42 - 33 + 2.3 -4 3 -3 : .
786 - 55 - 41 1- 48 + 3.1 + 30 - 97 - 33 + 2.1

u Lssumod Young's Allodlus 'a' 13,000 tons r sq. Inch

Comprossivo Stress indicated by minus sign.
Tonsile litress indicated by plus sign.
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Table 11. leasurcmont of Rings for Stress Determination

Cylinder No. 3 Before Heat Treatment

Mean Dia- Change in Diameter of xi Stress Change in Diameter of iu Stress
meter of Ring after Parting Off equivalent Ring after Parting Off equivalent
ost Ring millimetres x 103 to millimetres x 103 to
inches - Z oPStrain H StraiVertical , HoiotL n " ertia Hrzonta Ma I  osi 

.

0.0 inch from Breech End 0.53 inch from Breech End

3.21 + 70 + 92 + 81 - 12.9 + 49 + 96 + 73 - 11.6
3.68 + 68 + 78 + 73 - 10.1 + 45 + 51 + 48 - 6.8
4.15 . 74 : 82 + 78 - 9.6 + 33 + 77 + 55 - 6.7
4.93 -58 - 77 - 67 + 6.9 - 39 - 36 - 38 + 3.9
5.42 -70 - 64 - 67 + 6.: - 72 - 47 - 60 + 5.7
5.91 -52 - - 52 + 4.5 - 84 - 53 - 69 + 6.0
6.39 -42 - 41 - 42 + 3.4 - 78 - 55 - 67 + 5.4
6.88 -76 - 40 - 58 + 4.3 - 64 - 62 - 63 + 4.7
7.37 - 63 - 58 - 60 + 4.2 - 74 - 66 - 70 + 4.9
7.86 -118 +21 - 48 + 3.1 -115 - 7 - 61 + 4.0

0.85 inch from Breech End 5.75 inches from Breech End

3.21 + 51 + 80 + 66 - 10.5 + 69 + 66 + 68 -10.8
3.68 + 63 + 58 + 60 - 8.3 + 74 +102 + 88 - 12.2
4.15 + 64 + 61 + 63 - 7.8 + 94 + 74 + 84 - 10.3
4.93 - 55 - 68 - 62 + 6.4 - 21 - 16 - 19 + 2.0
5.42 - 69 - 70 - 69 + 6.5 - 60. - 30 - 45 + 4.2

13 58 -65 + 5.6 -117 -63 - 7.8192 56 - 59 + 4.8 - 44+ - 78 - 61 + 4.9

6.L8 -63 -62 - 62 + 4.6 -64 - 77 - 70 + 5.2
7.37 -60 -49 - 55 + 3.8 - 44 - 41 - 42 + 2.9
7.86 -63 -74 -78 + 5.1 - 76 - 7 - 41 2.7

8.02 inches from Breech End 8.33 inches from Breech End

3.21 +74 + 64 + 69 - 11.0 + 72 + 40 + 56 - 8.9
3.68 + 58 + 60 + 59 - 8.2 + 62 + 46 + 54 - 7-5
4.15 + 21 + 20 + 21 - 2.6 + 76 + 71 + 73 - 9.0
4.93 -24 - 31 - 28 + 2.9 - 34 - 60 - 47 + 4.9
5.42 -77 -98 -88 - 8.3 -65 -58 -61 + 5.8
5.91 -52 -89 -70 + 6.1 - 62 - 75 -68 + 5.9
6.39 -71 -9% -82 + 6.6 -48 -55 -52 + 4.2
6.88 -75 - 91 - 83 + 6.2 -41 - 47 -44 + 3.3
7.37 -59 -61 -60 + 4.2 -.54 -70 -62 + 4.3
7.86 +148 -305 - 78 + 5.1 + 8 -105 -48 + 3.1

x *..ssumed Young's Modulus 3 = 13,000 tons per sq. inch
Compression Stress indicated by minus sign.
Tensile Stress indicated by plus sign.
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Table 12. !.easurement of Rings for Stress Determination

Cylinder No. 3 After Heat Treatment

''an Dia- Change of Diameter of ix Stress Change in Diameter of x Stress
meter of Ring after Parting Off [equivalent Ring after Parting Off equivalent
Test Ring illimetres x 103 to millimetres x 103 to

inches . . Hoop Stra n Hoop Strain
-~ ~ ~~7, Oetcl~riotl Veeica Horzo tkean tn/nj '

After Treatment for i Hour at 4000 C

6.03 inches from Brooch End 6.35 inches from Breech End

3.21 + 58 + 45 + 52 - 8.3 + 70 + 77 " 74 -11.8
3.68 + +5 + 53 + 49 - 6.8 + 88 + 77 83 -1.5
4.15 + 61 + 58 + 59 - 7.3 + 69 + 81 + 75 - 9.2
4.93 -33 - 34 -34 + 3.5 -42 -46 - 44 + 4.6
5.42 -83 -85 -84 + 7.9 -49 -58 -54 + 5.1
5.91 -49 - 47 -48 + 4.2 -40 -76 -58 + 5.0
6.39 - 64 - 77 - 70 + 5.6 - 27 -125 - 76 + 6.1
6.88 -60 - 79 -70 + 5.2 - 18 - 86 -52 + 3.9
7.37 .41 - 84 - 62 + 4.4 - 85 -152 -118 + 8.2
7.86 -10 -102 -56 + 3.6 - 15 -106 -60 + 3.9

itftcr Troatment for 1 Hour at 4500 C

6.65 inches from Brooch End 6.95 inches from Breech lnd

3.21 + 70 + 77 + 74 11.8 + 60 61 + 61 - 9.7
3.68 *:70 + 63 + 66 - 9.2 +72 + 71 + 71 - 9.9
4.15 + 91 + 31 + 86 - 10.6 +121 + 45 +83 - 10.2
4.93 - 38 - 33 - 36 + 3.7 -30 - 38 - 34 + 3.5
5.42 - 61 - 44 - 53 + 5.0 - 57 -51 -54 + 5.1
5.91 - 58 - 57 - 57 + 4.9 - 52 -54 -53 + 4.6
6.39 - 62 - 55 - 58 + 4.6 - 49 -58 -53 + 4.2
6.88 - 51 -56 - 53 + 3.9 - 57 - 60 -58 + 4.3
7.37 -51 -24 -38 + 2.6 -56 -55 -55 + 3.8
7.86 -30 -69 - 49 + 3.2 + 88 -179 - 45 + 2.9

.fter Treatment ?or 1 Hour at 500 0C

3.4 inches from Breech End 3.67 inches from Breech End
:3.21 + 63 + 50 + .57 - 9.1 + 46 + 54+ + 50 - 8.0

3.68 + 75 + 51 + 63 - 8.7 + 50 + 55 + 51+ - 7.5
4.15 + 34+ + 50 42 - 5.2 + 63 + 61 + 62 - 7.6
4+.93 - 43 - 9 -26 + 2.7 - 12 - 13 - 13 --" 1.3
5-42 - 61 -5 -53 + 5.0 - 54 - 21 - 38 + 3.6
59 1  - 29 - 57 -43 + 3.7 - 29 - 27 - 28 + 2./+

6.39 - 39 - 33 36 + 2.9 -36 - 28 - 32 + 2.66.88 - 56 - 18 -37 + 2.7 - 27 - 52 -.40 + 3.0
7.37 - 49 - 27 38 + 2.6 - 57 - 45 -51 + 3.5
7.86 + 9 - 6o 26 + 1.7 + 33 -117 - 42 + 2.7

S.msumd Young's modulus E 13#000 tons per sq. inch
Compressive stress incleiated by minus sign
Tonailo &traes indioatod by plus sign.
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Part III

SMeasurement of relaxation of internal stress by the X-ray mtbod

(Work carried out by the X-ray Section, S.P.,1.)

Experimental details

Three sections of compound tubes, marked AS, B5 and C2.5 were received
from S.14R. A5 was a section from the compound tube with channels in the
jacket, C2.5 from the tube with channels in the liner, while B5 was a section
from the plain compound tube. The flat surfces had been ground after
sectioning.' The only other preparation prior to X-ray examination was the
polishing and etching of a number of radial strips. Approximately 0.007 inch
was removed from each strip in order to eliminate any distortion of th3 crystal
lattice caused by machining and grinding.

Provided the matorial has not been plastically deformed, the internal
strain as measured by the change in the interplanar spacings of the crystal
lattice is related to the internal maro-stresses by the normal equations of
elastic strain. ileasurements of the interplanar spacings can be made with
sufficient accuracy only by using the X-ray back-reflectiom method. By this

1 thod the interplanar spacings of those planes which are roughly :3arallel
to the plane surface of the section were measured and the lattice strain
values derived by com-.xrison of these spacing values with the unstrained
value obtained by measurements on annealed filings of the same material.
Uie method therefore measured the strain in the direction normal to the
plane surface of the section, i.e. the axial direction of the tube. Since
the axial stress in thin sections is zero, the strain measured was that due
to combined radial and circumferential stresses. For this reason tde measure-
menta on the outer jacket were not effective since the Poisson strains arising
from the tensile tangential stress and the compressive radial stress were in
opposition and of the saae order, giving little or no net strain in the axial
direction. leasurements were thus restricted to the inner tube or liner,
where the radial and tangential stresses vere both compressions.

Myeasurements were made along several radii at points distant 1/16, 5/16
and 9/16 inch from the bore surface. The wider annulus of C2.5 permitted
an additional measurement between two channels at 13/16 inch. The measure-
ments ,ere repeated after annealing at 400, 450, 5 0 0 , 550 and 6000C. The
specimens were heated and cooled at 7500 )or hour and maintained at
temperature for one hour.

The sum of the tangential and radial stresses was calculated from the
interplanar strains by the equation

Sr + St E di - do
m . do

were di and do ere the stressed and unstressed values of the intarplanar
spacing. The values of m, Poisson' s Ratio, and ,:, Young' s 1,.-odulus, were
taken from earlier X-ray viork as m = 0.3 and - = 12,900 tons/sq. inch for the
normal direction of (310) planes.

The accuracy of measurement attained was + 3 tons/sq. inch.
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Observations

The calculated stress values (Sr + St) are given in tables 1, 2 and 3.
Apart from the anomalies discussed below the mean stress level was, within
the limits of experimental error, uniform for the liner of the unohannelled
tube B5, but for the channelled tubes A5 and 02.5 the stress level (Sr + SO
decreased from the bore surface to the interface. This gradient of stress
xrsisted in .15 after annealing at 60000., but was eliminated from C2.5
after annealing at 5000C.

Except in B5, whore the sun of the principal stresses along radius I in
the as received condition was markedly lower than that along the other radii,
and in i5, where a comparatively low stress value near the interface on radius
4 persisted throughout the annealing treatments, the stress distribution in the
as received condition, within the limits of experimental error, vas consistent
from one radius to another. In B5, further etching along radius 1 failed to
raise the measured stress level to conform wiith the others. This vould suggest
that the anomaly was not due to residual cold work due to machining and grinding.
On the other hand, after an annealing at 4000C the anomaly was removed. It is
possible that the lower stress level along this radius may have been due to a
slight misfit between the liner and casing or to uneven shrinking ulhen assembling.
There is some evidence of a similar effect along radius 2 of the same ring Yihore
the stress level after annealing at 40000 was slightly higher and conformed more
closely to the values along other radii.

part from these anomalies, the stress level in the three rings was not
significantly affected by annealing at 400 or 4500C. .:nnealing at 5000C
resulted in a considerabls dro) in the stress level continuing at 5500C and
falling to less than half the original level at 600 C.

The stress level in 02.5 was lower than in A5 to 4500C both being
substantially lower than the stress level in the plain tube B5. -fter
annealing at 500 0C the stress level in A5 fell to the sese cean value as in
02.5, the equality persisting after annealing at 550° and 6000C.

Conclusions

Satisfactory stress measurements in sections of compound tubes using
X-ray interplanar spacing measurements could only be made on the inner
components where the radial and tangential stresses were both compressive.

The mean values of the sum of the principal stresses (tangential and
radial) after various annealing treatments were as follows:-

B5 A5 C2.5

as received 22.6 17.6 14.6 tons/sq. in.
(ignoring radius 1)

Annealed 400 C 24.0 17.4 14.8 tons/sq. in.
" 450°C 22.5 16.7 14.8
i 5000C 20.5 12.4 12.4
" 55000 17.9 9.8 10.6

60000 8.6 6.5 6.3

These values are plotted in Fig. 11.
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Table 1 - Plain Corn o . Tub e,_Ba.L_

Stress distribution in inner tube

Sum of Principal Stresses (Sr + St) in tons per sq. inoh

As receivue. Annealed at 40000
Position along rauius Position along radius

Bore Mid- Inter- Bore Mid- Inter-
____a. faoe -- W f ac-

Radius I 11 9 12 23 22 22.5

2 19 19 21 23.5 26 26

3 24 23.5 26.5 23 25 23

41 23 19 25 22 26.5 26.5

5 25 21 22 25 23 23.5

Me an

1 Stress 18.3 21.3 23.3 24.5 1 24.3

Annealed at 4500C AnnoalAd at 5000C
Position along radius Pasition along radius I

FPore I :id- Inter- Bore !,,id- Inter-
Y ay faoe viay face

Radius 1 17 17 20 21 16.5 22

2 24 23 21.5 17 22 21

3 25 23 26.5 20.5 21.5 25

4 22,5 22 25 21 21 22

5 i 2L, 22.5 5 18 19 20

2Stress21.5 23.6 19.5 20.0 22.0

Annealed 5500C Aniealcd 6000C
Position along radius Position along radius

Bor Ifid- Inter- Bore Yid- Inter-
.ay faoa T-L_ face

Radius 1 17 17+17 16.5 6.5 9 8

2 17.5 17.5 17 8 8 9

3 19 17.5 20 10 11 9

1+ 15.5 20 17.5 9 5.5 9

5 18e 19 19 8 8 11

LMean 17.4 18.? 180 , .83 8.3 9.2
Stress 3 8
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Table 2 - Slotted Oo=ad Tube. A5

Stress distrbuion in er tube

Sum of Principal Stresses (Sr + St) in tons per sq. inch

As reoeived Annealed at 4000C
Position along raaius Position along radius

Bore Mid- Inter- Bore Mid- Inter-
way face way face

Radius 1 21 17 17 22 20.5 18

2 21 16.5 18.5 16.5 17 18.5

3 20.5 15 16 20 14.5 14

4 23 16 10 22.5 15 10

Mean 21.4 16.1 15.4 20.3 16.8 15.1
Stress

Annealed at 45000 Annealed at 500 °C
Position along radius Position along radius

Bore Mid- Inter- Bore Mid- Inter-
7a1 _ face i ,a face

Radius 1 18.5 16. 5 22 14 13 15

2 19 16 17 14.5 13 12

3 20 14.5 13 16.5 12 8

4 20.5 12.5 10.5 12 11 8

Mean
Stress 19.5 14.9 15.6 14.3 12.3 10.8

Annealed at 55000 Annealed at C0000
Pcsition along radius Position along radius

Bore Mid- Inter- Bore Mid- Inter-
_a face way face

Rafdiu 1 4.5 10.5 14 8.5 7 8.5

2 10.5 8.5 9 6 4-5 5
3 10 10 3 8 9 2

12.5 4.5 6.5 .5 4

Stes11.9 9.3 7.6 7.8 6.8 4,9
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Table 3 - Slotted Compoud Tube, 02. 5

Stress distributicn in inner tube

Sum of Principal Stresses (Sr + St) in tons per sq. inch

As received Annealed at 4000C

Position along radius Position alcng radius

Bore 5/16" 9/1 6" Inter- Bore 5/1 6" 9/1 6" Inter-
face face

Radius 1 14.5 16 14.5 12 16 15 15 12.5

2 1J, 13 13 Slot 16 14 14 Slot

3 16.5 15 15 13 15 15 15 14

4 16 16 16 Slot 16 14.5 15 Slot

Mean 15.3 15.0 14.6 12.5 15.8 14.6 14.8 .13.3
Stress -

Annealed at 4500C Annealed at 5000C
Position along radius Position along radius

Bore 5/16" 9/I" Inter- Bore 5/16" 9/16" Inter-
face face

Radius 1 14 14.5 15 13 9 12.5 12 12.5

2 16 15 13 Slot 12 12.5 10 Slot

3 14.5 14.5 15 14 12.5 13 12 13

4 18 14.5 16.5 Slot 16.5 12.5 14 Slot

Mean
Stress 15.6 14.6 14.9 13.5 12.5 12.6 12.0 12.8

Annealed at 5500 C Annealed at C0000
Poniticn along radius Position along radius

Bore 5/I 6" 9/i 6" Inter- Bore 5/I 61 9/1 6" Inter-
face face

Radius1 10.5 8.5 9 9 4.5 4.5 5 5

2 13 8.5 8.5 Slot 5 6 7 Slot

3 13 11 13 12.5 6.5 9 8 6

4 10.5 12 10 Slot 7 7 7 Slot
Mea I __

means 11.8 i.0 10.1 10.8 5.8 6.6 6,8 5,56Stress
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Gena'al OonolusiorA

The effect of heat treatment on the shrinkage stresses in built-up
barrels has been investigated by means of experiments on test cylinders
representing a 3 inch 70 calibre gun barrel. Three different methods of
testing were employed in whioh measurements were made before and after
heat treatment to determine (i) any loss of elasticity of the cylinder
(ii) any decrease in mean circumferential residual stresses and (iii)
any decrease in tangential and radial stresses at selected points.

No loss of elasticity in the cylinder was indicated by a pressure/
expansion curve recorded after the heat treatment at 5000C. There was
however lxraanent contraction of 0.001 inch at the bore and 0.0006 inch
at the jacket 0exterior, measured in the grooved portion of the cylinder
after the 500 C treatment, bat no morc than 0.0001 inch contraction at the
bore after the 4000 C and 450 C treatments. Also permanent expansion of
the bore was nil (or negative) in response to the application of 31.5 tons
per sq. inch internal pressure after heat treatments at 4000C and 4500C
but it was about 0.00035 inch following a similar pressure alplied after
the 5000C treatment.

In two cylinders with channelled walls the initial mean liner
circumferential stresses were 10.4 and 9.1 tons per sq. inch. These
stresses sustained no appreciable decrease with treatments at 4000C and
4500C but decreases of 13 and 1% per cent respectively followed treatment
at 5000C. In a more highly stressed cylinder, built-up of plain tubes,
the initial mean liner stress of 12.7 tons per sq. inch decreased by 13.
17 and 30 per cent respectively with treatments at 40000, 4500 C and 500C.

The stress values determined by X-rays, representing the sum of
tangential and radial stresses in the liner, showed a similar stability
with treatments at 40000 and 4500C. There was a decrease of stress with
treatment at 5000C varying from 15 to 30 per cent in the three cylinders
tested. This increased to 40 per cent with treatment at 6000C.

Thus tde relative effects of different trec tment temperatures within

the range 400%° to 5000C were confirmed by agreement betweon the different
methods of test in so far as the results could be compared. Thc behaviour
of the cylinders showed that the stress relaxation could be related to
creep properties. It was therefore probable that with any given tcmpwr-
ature of treatment the maximiwa stress would decrease, given sufficient
time, to the limiting creep stress for that temperature. This limit
appeared to be no lower than about 10 tons per sq. inch at 400C. but
below 8 tons per sq. inch at 5000C. These results were not in conflift
with the recorded results of creep tests on steels with similar
molybdenum content.

i7.64/53
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The effeCt of Heat Treatmant on Shrinkage 3tress in Built-up

Gun Barrels

by

H F . Hall

The experL-ents described vmre the result of collaboration between the
kixaa enit Design and the Armacent Research Establish.unts. The work was
divided into three parts which related to alternative methods of detarmining
the e'ffccts o' heat treatment on shrinkage stresses in built-u. gun barrels.

2art I, cortributed by A.D.E. D.0 Group, described full scale experi-
zents using hydraulic pressure to detrnnine elasticity and ?ertnanent set in
a 3-inch barrel

;?art .1, contributed by A.R..iS.M.R., described a method of measurement
of circumferential stress by the dissection from the barrel wall of thin
coaxial ring's.

2art III, contributed by A.R.E./S.P.M., described an X-ray teohique for
the .,.!easurcr:icnt of tangential and radial stresses at any selected )oints on
the transverse section of a barrel.

There was a considerable measure of agreement between the results obtained
by the thrce methods. Pieat treatment at 490 C proCuced no apprcciable
doltterious eifet. ith tr.atment at 500-0 decreases in bore stress ua to
40 )er cent were measured. In the full scale tasts at 500 C there was no

measurable loss of elasticity but permanent set measurements onfirmd that
stress relaration had occurred.

The observed changes in the stress system appeared to be related to

creep and the means were thus provided for estimating the typo of behaviour

to be expected with heat treatment conditions outside the limits of time and
temperature investigated.
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